Fig. 2. Crystal Structure of Compound 2 Bound to FVIIa/sTF (PDB 1WUN)
The figure on the left shows the molecular surface around the S4 site. Near position 5 of the indole moiety at P3 of compound 2, a tunnel through which it is possible to connect an internal large cavity form S4 site was found. The figure on the right shows the internal cavity in which two fixed water molecules were found.
Boc-L-Gln under 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/1-hydroxybenzotriazole (HOBt) conditions. After cleavage of the Boc-protecting group and the condensation amine (5) with Boc-D-Trp(5-OH) under EDC/HOBt conditions, compound 6 was reacted with 3-substituted benzyl bromide (7) . After cleavage of the Boc-protecting group, the reaction of the amine with ethanesulfonyl chloride led to intermediate 9. The nitrile was converted to the amidine and hydrolysis of the ester led to the desired product 16. The other compounds were prepared following the same procedure.
Results and Discussion
Based on the crystal structure, the NH at position 1 of the indole ring of D-tryptophan is exposed to the solvent and does not appear to contribute to the binding of FVIIa/TF. This is supported by the fact that the introduction of a Me group to the nitrogen of the indole ring of compound 2 results in conservation of the affinity for FVIIa/TF, as shown in Table 1 . However, thrombin and FXa have hydrophobic S3 pockets so the increased hydrophobicity of the indole ring by the introduction of a Me group at position 1 of the indole ring of compound 2 reduced selectivities against thrombin and factor Xa.
In the crystal structure of FVIIa/soluble tissue factor (sTF) bound to compound 2, the channel observed near position 5 of the indole ring has hydrophobic residues near the gate. This is supported by the fact that the introduction of an OH moiety to position 5 of the indole ring of compound 2 resulted in a decrease in the FVIIa/TF binding affinity; however, the introduction of an OMe moiety to the same position resulted in regaining the FVIIa/TF binding affinity to the same level exhibited by compound 2.
Based on the crystal structure of FVIIa/sTF bound to compound 2, which has the propoxy group at position 5 of the indole ring in P3, we synthesized compound 14. Compound 14 showed improved coagulation over other serine proteases. We tested compound 14 using standard clotting assays including a prothrombin time (PT) assay and an activated partial thromboplastin time (APTT) assay to confirm the improved specificity for FVIIa/TF inhibition. Theoretically, specific inhibition of FVIIa/TF, which blocks only extrinsic coagulation, should result in prolongation of only PT without affecting APTT, thus making the concentration ratio for twofold prolongations of APTT and PT (2ϫAPTT/2ϫPT) infinitely large. The measured 2ϫAPTT/2ϫPT ratio of compound 14 was 15.9, higher than that of compound 2 (6.1). To confirm the binding mode of compound 14 to FVIIa/TF, the crystal structure bound to FVIIa/sTF was solved by X-ray crystallography (Fig. 3) . Unfortunately, the expected binding with the S3 subsite was not found.
The binding mode of compound 14 is basically the same as that of compound 2. However, the 5-propoxy-indole moiety in P3 of compound 14 is accommodated in the S3 site in a far different binding mode than for the non-substituted indole moiety in P3 of compound 2. Surprisingly, the 5-propoxy-indole moiety flips and the propoxy moiety extends to the solvent region. As a result of this conformation, the hydrophobic interactions with Gln217 and 170-loop are lost.
However, a new hydrogen bond between the NH of the indole ring and Gln217 was observed. Among coagulation serine proteases, only Gln217 of FVIIa has a uniquely bent conformation, which makes possible a hydrogen bond with the NH of the indole. The abovementioned occupation of the S3 subsite by simple hydrophobic substituents was not successful. In another 40 Vol. 58, No. 1 approach to the forming of new interactions with the S3 subsite, we focused on water molecules. In the crystal structures of FVIIa/sTF bound to our compounds, two highly conserved water molecules were observed in the S3 subsite. One formed hydrogen bonds with Ser170B and Phe225, and the other formed hydrogen bonds with Gln217 and Phe225. Compounds 15 and 16 were designed by replacing these water molecules.
As shown in Table 1 , compound 15 showed less activity than compound 2. However, compound 16 showed improved activity over compound 2 with a slight amelioration of selectivities against other serine proteases and an improved 2ϫAPTT/2ϫPT ratio (28.1) compared with compound 2. We concluded that compound 16 achieves higher selectivity for extrinsic coagulation inhibition.
To confirm the binding mode of compound 16 to FVIIa/TF, the crystal structure bound to FVIIa/sTF was solved by X-ray crystallography (Fig. 4) . In this structure, the expected binding with the S3 subsite was not observed. The binding of compound 16 to FVIIa/sTF was almost the same as that of compound 14. The NH of the indole in the P3 moiety formed a hydrogen bond with Gln217. Additionally, the benzyl carboxylate moiety stacks on Pro170I. The carboxylate formed hydrogen bonds with the Thr99 side chain OH and the main chain NH atoms. And this carboxylate formed a hydrogen bond with the Asn100 main chain NH atom through a water molecule. Of the other coagulation serine proteases, Thr99 is not conserved and FVIIa and aPC have Thr in this sequence position. However, the main chain conformation near this residue was completely different between FVIIa and aPC. Only FVIIa can form these hydrogen bonds with the carboxylate of the ligand. Hence, these interactions contribute to the improvement of selectivity to FVIIa.
Conclusion
We have designed and synthesized peptidomimetic FVIIa inhibitors based on the X-ray crystallographic structure of compound 2. Among these compounds, compound 16 showed the highest selectivity and a high 2ϫAPTT/2ϫPT ratio (28.1). X-Ray structure analysis revealed that compound 16 exhibited improved selectivity by forming unexpected hydrogen bonds with Gln217, Thr99 and Asn100. This structural information will be of benefit to the development of FVIIa-specific inhibitors.
Experimental
Chemistry In general, reagents and solvents were used as purchased without further purification. Column chromatography was carried out on Merck silica gel 60 (230-400 mesh) if not otherwise specified.
1 H-NMR spectra were recorded on JEOL EX-270, JEOL ECP-400 or a Mercury 300 MHz instrument in CDCl 3 , DMSO-d 6 or CD 3 OD solutions. Low resolution mass spectra were determined on an LC/photodiode array (PDA)/MS (HP 1100/TSP UV 6000/LCQ Classic, LCMS) system using Cadenza CD-C18 column (3.0 mm i.d.ϫ20 mm) at 35°C. The accurate mass of the target compound was measured using an Agilent 1100 series (Agilent Technologies, Inc. Santa Clara, CA, U.S.A.) and QSTAR XL system (Applied Biosystems/MDS Analytical Technologies, Toronto, Canada) in the electrospray ionization (ESI) positive ion mode. The sample solution was separated using an Inertsil octadecyl silica (ODS)-3.3 mm column (4.0 mm i.d.ϫ33 mm; GL Science) at 30°C.
[ 9 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC HCl) (1.7 g, 8.9 mmol) were added and stirred at room temperature under a nitrogen stream. After 12 h, water was added to the reaction mixture, which was then extracted with ethyl acetate. The ethyl acetate layer was washed sequentially with 10% aqueous citric acid, saturated aqueous sodium bicarbonate and saturated brine, and then dried over anhydrous magnesium sulfate. The magnesium sulfate was filtered off and the filtrate was concentrated under reduced pressure to give 4 (2.9 g, quant.) as a colorless solid. 1 
(S)-3-Carbamoyl-1-(4-cyano-benzylcarbamoyl)-propyl]-carbamic

[(R)-1-[(S)-3-Carbamoyl-1-(4-cyano-benzylcarbamoyl)-propylcarbamoyl]-2-(5-hydroxy-1H-indol-3-yl)-ethyl]-carbamic Acid tert-Butyl
Ester (6) To a stirred suspension of 5 (510 mg, 1.96 mmol) and tert-butoxycarbonyl-D-(5-hydroxy)tryptophan (624 mg, 1.96 mmol) in THF (50 ml) was added HOBt (345 mg, 2.55 mmol), EDC HCl (488 mg, 2.55 mmol) and triethylamine (480 mg, 4.71 mmol) and stirred at room temperature under a nitrogen stream. After 15 h, water was added to the reaction mixture, which was then extracted with ethyl acetate. The ethyl acetate layer was washed sequentially with saturated aqueous ammonium chloride, saturated aqueous sodium bicarbonate and saturated brine, and then dried over sodium sulfate. The sodium sulfate was filtered off and the filtrate was concentrated under reduced pressure. The residue was applied to flash column chromatography (Merck silica gel 60; mobile phase: dichloromethane : methanolϭ10 : 0 to 9 : 1) to give 6 (882 mg, 80% 
3-(3-{(R)-2-tert-Butoxycarbonylamino-2-[(S)-3-carbamoyl-1-(4-cyanobenzylcarbamoyl)-propylcarbamoyl]-ethyl}-1H-indol-5-yloxymethyl)-benzoic Acid Methyl Ester (8)
To a solution of 6 (327 mg, 0.58 mmol) in acetone (4 ml), 3-(methoxycarbonyl)benzylbromide (7) (267 mg, 1.2 mmol) and cesium carbonate (378 mg, 1.2 mmol) were added and stirred at reflux under a nitrogen stream. After 4 h, the reaction mixture was filtered and the filtrate was concentrated under reduced pressure. The residue was applied to flash column chromatography (Merck silica gel 60; mobile phase: dichloromethane : methanolϭ10 : 1) to give 8 (347 mg, 84% 18 (2H, s), 6.88 (1H, dd, Jϭ2.3, 8.7 Hz), 7.14 (1H, s), 7.22 
3-(3-{(R)-2-[(S)-1-(4-Carbamimidoyl-benzylcarbamoyl)-3-carbamoylpropylcarbamoyl]-2-ethanesulfonylamino-ethyl}-1H-indol-5-yloxymethyl)-benzoic Acid Methyl Ester (10)
A solution of 9 (158 mg, 0.22 mmol) in pyridine (10 ml) and triethylamine (2 ml) was bubbled with hydrogen sulfide gas. After bubbling for 30 min, the solution was allowed to stand. After 12 h, water/ethyl acetate was added to the reaction mixture and the aqueous layer was adjusted to pH 4 with 2 N aqueous hydrogen chloride, followed by extraction. The organic layer was washed with saturated brine and then dried over anhydrous magnesium sulfate. The magnesium sulfate was filtered off and the filtrate was concentrated under reduced pressure.
The residue was dissolved in acetone (10 ml), to which methyl iodide (312 mg, 2.2 mmol) was then added and stirred at 50°C under a nitrogen stream. After 1 h, the reaction mixture was concentrated under reduced pressure.
The residue was dissolved again in methanol (10 ml), followed by the addition of ammonium acetate (170 mg, 2.2 mmol) and heating to reflux under a nitrogen stream. After 4 h, the solvent was distilled off under reduced pressure and the residue was applied to column chromatography (Fuji Silysia NH-DM-1020; mobile phase: dichloromethane : methanolϭ4 : 1, 2 : 1) to give 10 (124 mg, 78% 
3-(3-{(R)-2-[(S)-1-(4-Carbamimidoyl-benzylcarbamoyl)-3-carbamoylpropylcarbamoyl]-2-ethanesulfonylamino-ethyl}-1H-indol-5-yloxymethyl)-benzoic Acid Trifluoroacetate (16)
To a solution of 10 (124 mg, 0.17 mmol) in ethanol (3 ml), 1 N aqueous sodium hydroxide (3 ml) was added and stirred at room temperature. After 2 h, the reaction mixture was adjusted to pH 6 with 1 N aqueous hydrogen chloride and then concentrated under reduced pressure. Nitrile intermediates were prepared using the same methods described above for the synthesis of 9.
(
S)-2-[(R)-2-Ethanesulfonylamino-3-(1-methyl-1H-indol-3-yl)-propionylamino]-pentanedioic Acid 5-Amide 1-(4-Carbamimidoyl-benzylamide) (11) (S)-2-[(R)-2-Ethanesulfonylamino-3-(1-methyl-1H-indol-3-yl)
-propionylamino]-pentanedioic acid 5-amide 1-(4-cyano-benzylamide) (77 mg, 0.14 mmol) was dissolved in saturated hydrogen chloride-ethanol solution (10 ml) and allowed to stand at room temperature for 23 h. After the solvent was removed under reduced pressure, the residue was dissolved in ethanol (2 ml) and further dissolved in ammonium acetate (190 mg, 2.4 mmol) and saturated ammonia-ethanol solution (1 ml), followed by heating at reflux. After 2 h, the solvent was distilled off under reduced pressure and the residue was applied to column chromatography (Fuji Silysia NH-DM-1020; mobile phase: dichloromethane : methanolϭ3 : 1, 1 : 1) to give 11 (23 mg, 29% (S)-2-[(R)-2-Ethanesulfonylamino-3-(5-methoxy-1H-indol-3-yl) 2-[(R)-2-Ethanesulfonylamino-3-(5-propoxy-1H-indol-3-yl) Crystal Structures. Cloning, Expression, Purification, and Crystallization Purified human FVIIa/sTF and crystals of human FVIIa/sTF in complex with compounds 2, 14 and 16 were prepared as described previously. 21, 24, 27) Data Collection After soaking in a cryoprotectant solution of 10% PEG 5000, 100 mM cacodylate buffer, pH 5.0, 100 mM NaCl, and 5 mM CaCl 2 , 30% (v/v) glycerol, the crystals were frozen at 100 K in a nitrogen gas stream. X-Ray diffraction data on the FVIIa/sTF crystals in complex with compounds 2, 14 and 16 were collected on an R-axis IV (Rigaku) mounted on a copper rotating-anode X-ray generator ultraX 18 (Rigaku) equipped with a Confocal Mirror (Osmic). The data were processed using Denzo and Scalepack software.
28)
Structure Determination and Refinement The crystals of FVIIa/sTF in complex with compound 16 were prepared as described previously. 24, 27) X-Ray diffraction data of this crystal was collected on an R-axis IV (Rigaku) mounted on a copper rotating-anode X-ray generator ultraX 18 (Rigaku) equipped with Confocal Mirror (Osmic) at 100 K. The data was processed using Denzo and Scalepack.
The model phases of FVIIa/sTF in complex with compounds 16 were improved by rigid body refinement with CNX (Accelrys), using the previously published structure of FVIIa/sTF in complex with D-Phe-Phe-Arg chloromethyl ketone (PDB code 1DAN) 29) as a starting model. The inhibitor molecules were identified using the difference Fourier method. A model of the protein and inhibitor was built with Quanta (Accelrys) and the structure was refined with CNX (Accelrys).
Biology. Human Factor VIIa (FVIIa) Inhibition Activity A 10% (v/v) DMSO solution of each test compound (20 ml) was mixed with 40 ml Thromborel S (50 mg/ml; Dade Behring), 20 ml Spectrozyme ® FVIIa (CH 3 SO 2 -D-CHA-But-Arg-pNA · AcOH) (5 mM; American Diagnostica Inc.), 20 ml MgCl 2 (10 mM), 60 ml ethylene glycol, 20 ml buffer (500 mM Tris-HCl, pH 7.5, 1500 mM NaCl, 50 mM CaCl 2 ) and 40 ml distilled water in a 96-well assay plate. The reaction was initiated by the addition of 20 ml human FIXa solution (20 nM; Enzyme Research Laboratories) and then the absorbance at 405 nm was monitored to measure the initial velocity of the reaction. Percent inhibition at each concentration was calculated from the experimental and control samples. IC 50 values were calculated from the concentration-reaction activity curve of each test compound.
Human Thrombin Inhibition Activity A 10% (v/v) DMSO solution of test compound (20 ml) was mixed with 40 ml buffer (200 mM Tris-HCl, pH 8.0), 20 ml NaCl solution (1 M), 20 ml FVR-pNA (2 mM; Sigma), and 80 ml distilled water in a 96-well assay plate. The reaction was initiated by the addition of 20 ml human thrombin solution (5 U/ml, Sigma) and then the absorbance at 405 nm was monitored to measure the initial velocity of the reaction. Percent inhibition at each concentration was calculated from the experimental and control sample. IC 50 values were calculated from the concentration-reaction activity curve of each test compound.
Human Factor FIXa (FIXa) Inhibition Activity A 10% (v/v) DMSO solution of test compound (20 ml) was mixed with 20 ml Spectrozyme ® FXa (MeO-CO-D-CHG-Gly-Arg-pNA · AcOH) (5 mM; American Diagnostica Inc.), 20 ml buffer (500 mM Tris-HCl, pH 7.5, 1500 mM NaCl, 50 mM CaCl 2 ) and 80 ml distilled water in a 96-well assay plate. The reaction was initiated by the addition of 20 ml human FVIIa solution (20 nM; Enzyme Research Laboratories) and then the absorbance at 405 nm was monitored to measure the initial velocity of the reaction. Percent inhibition at each concentration was calculated from the experimental and control sample. The IC 50 value was calculated from the concentration-reaction activity curve of each test compound.
Human Factor Xa (FXa) Inhibition Activity A 10% (v/v) DMSO solution of test compound (20 ml) was mixed with 20 ml buffer (500 mM Tris-HCl, pH 8.4, 1500 mM NaCl), 20 ml S-2222 (Bz-Ile-Glu(g-OR)-GlyArg-pNA · HCl) (5 mM; Daiichi Pure Chemical), and 120 ml distilled water in a 96-well assay plate. The reaction was initiated by the addition of 20 ml human FXa solution (50 mU/ml; Enzyme Research Laboratories) and the absorbance at 405 nm was then monitored to measure the initial velocity of the reaction. Percent inhibition at each concentration was determined from the experimental and control samples. The IC 50 value was calculated from the concentration-reaction activity curve of each test compound.
Human Factor XIa (FXIa) Inhibition Activity A 10% (v/v) DMSO solution of test compound (20 ml) was mixed with 100 ml buffer (200 mM Tris-HCl, pH 7.2, 300 mM NaCl), 20 ml S-2366 (pyroGlu-Pro-ArgpNA · HCl) (2 mM, Daiichi Pure Chemical), and 40 ml distilled water in a 96-well assay plate. The reaction was initiated by the addition of 20 ml human FXIa solution (5 nM, Enzyme Research Laboratories) and the absorbance at 405 nm was then monitored to measure the initial velocity of the reaction. Percent inhibition at each concentration was determined from the experimental and control samples. The IC 50 value was calculated from the concentration-reaction activity curve of each test compound.
Human Factor XIIa (FXIIa) Inhibition Activity A 10% (v/v) DMSO solution of test compound (20 ml) was mixed with 100 ml buffer (200 mM Tris-HCl, pH 8.3, 300 mM NaCl), 20 ml S-2302 (1H D-Pro-Phe-ArgpNA · 2HCl) (2 mM, Daiichi Pure Chemical), and 40 ml distilled water in a 96-well assay plate. The reaction was initiated by the addition of 20 ml human FXIIa solution (50 nM, Enzyme Research Laboratories) and the absorbance at 405 nm was then monitored to measure the initial velocity of the reaction. Percent inhibition at each concentration was determined from the experimental and control samples. The IC 50 value was calculated from the concentration-reaction activity curve of each test compound.
Human Activated Protein C (APC) Inhibition Activity A 10% (v/v) DMSO solution of test compound (20 ml) was mixed with 40 ml buffer (200 mM Tris-HCl, pH 8.0), 40 ml S-2366 (pyroGlu-Pro-Arg-pNA · HCl) (2 mM, Daiichi Pure Chemical), 20 ml NaCl (1 M), 20 ml CaCl 2 (20 mM), and 40 ml distilled water in a 96-well assay plate. The reaction was initiated by the addition of 20 ml human APC (1 mg/ml, Sigma) and the absorbance at 405 nm was then monitored to measure the initial velocity of the reaction. Percent inhibition at each concentration was determined from the experimental and control samples. The IC 50 value was calculated from the concentration-reaction activity curve of each test compound.
Prothrombin Time (PT) One hundred microliters human plasma (Dade Behring) containing the test compound was incubated at 37°C for 3 min and was then mixed with 100 ml Thromborel S (Dade Behring). The plasma clotting time was then measured using a KC-10A coagulometer (Amelung). The concentration for the two-fold prolongation of PT (2ϫPT) was calculated from the concentration-reaction activity curve of each test compound.
Activated Partial Thromboplastin Time (APTT) Human plasma (100 ml; Dade Behring) containing the test compound was incubated at 37°C for 1 min and then mixed with 100 ml APTT reagent (Sigma). After 3 min, the human plasma was mixed with 100 ml CaCl 2 (20 mM). The plasma clotting time was then measured using a KC-10A coagulometer (Amelung). The concentration for the two-fold prolongation of APTT (2ϫAPTT) was calculated from the concentration-reaction activity curve of each test compound.
